FOXL2 loss of function in goats leads to the early transdifferentiation of ovaries into testes, then to the full sex reversal of XX homozygous mutants. By contrast, Foxl2 loss of function in mice induces an arrest of follicle formation after birth, followed by complete female sterility. In order to understand the molecular role of FOXL2 during ovarian differentiation in the goat species, putative FOXL2 target genes were determined at the earliest stage of gonadal sex-specific differentiation by comparing the mRNA profiles of XX gonads expressing the FOXL2 protein or not. Of these 163 deregulated genes, around two-thirds corresponded to testicular genes that were upregulated when FOXL2 was absent, and only 19 represented female-associated genes, down-regulated in the absence of FOXL2. FOXL2 should therefore be viewed as an antitestis gene rather than as a female-promoting gene. In particular, the key testis-determining gene DMRT1 was found to be up-regulated ahead of SOX9, thus suggesting in goats that SOX9 primary upregulation may require DMRT1. Overall, our results equated to FOXL2 being an antitestis gene, allowing us to propose an alternative model for the sex-determination process in goats that differs slightly from that demonstrated in mice.
INTRODUCTION
Gonad differentiation remains a critical step in the sexual development of many vertebrates. The fate of gonads is controlled by the sex chromosome content of the embryo; in most eutherian mammals, testis differentiation is determined by the presence of the SRY gene located on the Y chromosome [1, 2] . In mice, SRY acts as a transcription factor that in synergy with SF1/NR5A1 specifically up-regulates Sox9 in the precursor of the Sertoli cell lineage [3] [4] [5] . Sox9 has been shown to be a key gene in the male pathway [6] [7] [8] that is capable of orchestrating testis differentiation, even in the absence of Sry [9, 10] . Mouse testicular Sry expression is peculiar. Indeed, it only occurs in pre-Sertoli cells during a very short 2-day developmental window from 10.5 to 12.5 days postcoitum (dpc), allowing Sox9 up-regulation at 11.5 dpc, specifically in XY-supporting cells [2, 4, 11] . In other studied mammals, SRY expression peaks in XY gonads at around the time of the gonadal sex-determination process, but its testicular expression persists until adulthood [12, and references therein]. More interestingly, in male goats, SRY is expressed in both somatic and germinal cell lineages in the XY genital ridge and the differentiating testis, signifying that additional Sertolispecific factors are required to induce SOX9 Sertoli-specific expression (for an overview of the main steps of testis and ovary differentiation in goats see Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod. org) [13] .
Another difference between mice and goats has also recently been demonstrated regarding the female pathway and the role of the FOXL2 gene during early ovarian differentiation [14] . Indeed, FOXL2 biallelic loss of function in goats leads to complete XX female-to-male sex reversal (XX testes differentiation), contrasting with XX female Foxl2 À/À mice that harbor ovaries depleted of primary follicles [15, 16] . Despite the fact that Foxl2 ovarian expression starts at 12.0 dpc in mice [17] , a stage corresponding to the first steps of ovarian differentiation, Foxl2 knocked out (KO) ovaries remain identical to heterozygous Foxl2 þ/À and wild-type ovaries until a few days after birth, a stage which corresponds to the start of follicle formation [15, 16] . Consequently, in mice, the role of Foxl2 in early ovarian differentiation, as in germ cell meiosis, remains unknown and does not appear to be crucial. By contrast, in the goat, XX FOXL2 À/À gonads enter a sex-reversal process at the onset of ovarian differentiation, as has been described in XX goats affected by the polled intersex syndrome (PIS) mutation [14, 18, 19] . This mutation in goats is an 11.7 kb deletion that leads to an absence of horns in heterozygous-and homozygous-affected males and females (dominant polled trait), associated with a female-to-male sex-reversal phenotype in homozygous-affected XX animals (recessive sex-limited intersex [IS] trait) [18] . The PIS deletion is located 300 kb upstream of FOXL2, and in XX PIS À/À gonads, it induces the transcriptional silencing of four genes (i.e., PIS-regulated genes): FOXL2, PFOXic, PISRT1, and PISRT2 [18, 20, 21] . Of these genes, FOXL2 is the only protein-coding gene, encoding a transcription factor of the forkhead-box gene family. The three other PIS-regulated genes correspond to long noncoding RNAs (lncRNAs) that are probably involved in a complex FOXL2 regulatory process [14, 21] . The demonstration that FOXL2 loss of function in goats leads to an XX sex-reversal condition similar to that observed in XX PIS À/À goats implies that the PIS condition could be equated to being a natural FOXL2 KO [14] . Under this PIS condition, XX PIS À/À masculinization occurs between 36 and 40 dpc when SOX9 expression increases abnormally in XX gonads, with a 4-5 day delay when compared to normal testis development in XY male goats (for an overview of the morphological aspects of XX PIS À/À gonads, see Supplemental Fig. S2 ) [19] . In order to clarify the species-specific differences that follow FOXL2 loss-of-function mutations in mice and goats, it is essential to determine FOXL2 transcriptional targets during early ovarian differentiation in the goat species. Several transcriptomic studies have already highlighted numerous potential targets for FOXL2 (for a review, see [22] ). Nevertheless, these studies were performed in vitro in human cells derived from granulosa cell tumors [23, 24] or in mouse KK1 granulosa cells [25] , or in vivo in developing mouse ovaries mutated or not for the Foxl2 gene [26] . None of these studies revealed any key factors that might explain why FOXL2 loss of function leads to a sex-reversal phenotype in XX goats.
Consequently, in order to achieve the in vivo determination of putative FOXL2-target genes at the first step of ovarian differentiation, we carried out gene expression profiling using high-throughput sequencing strategies to compare XX wildtype versus XX PIS À/À gonads at the early 36 dpc stage, at which FOXL2 has been silenced for about 2 days in mutant gonads but when SOX9 expression remains identical in both situations [19] . Among 163 deregulated genes, we were able to show that DMRT1 expression appears to be up-regulated before that of SOX9, suggesting that DMRT1 is crucial to testis differentiation in XX PIS À/À mutant gonads. By extension, we hypothesize that in normal XY testis differentiation, DMRT1 might therefore be one of the SOX9 gene regulators, or in other words the missing Sertoli cell-specific factor for SOX9 upregulation in male goat testes [13] .
MATERIALS AND METHODS

Genotyping of Animals and Fetuses
All the animal handling procedures were conducted in compliance with the guidelines on the Care and Use of Agricultural Animals in Agricultural Research and Teaching (Authorization no. 91-649 for the Principal Investigator, and national authorizations for all investigators; approval from the Ethics Committee: 12/045). The genetic sex of all the fetuses was determined by PCR amplification of the SRY and ZFY/ZFX genes on liver genomic DNA as previously described [19] . Deletion of the PIS region was tested using quantitative PCR (qPCR) with the Absolute Blue SYBR Green ROX mix (Thermo Scientist) in the StepOnePlus Real-Time PCR System (Applied Biosystems), using primers lying on the deleted region (PIS-Forward: 5 0 -TTCAGCCAACTTAGCACTTGC-3 0 and PIS-Reverse: 5 0 -CAAATGTTCA AAGAAAAGGAAGAAA-3 0 ).
Sample Preparation for Sequencing Strategies
Total RNAs from six independent pools of 36 dpc XY testes (M1 and M2), XX ovaries (F1 and F2), and XX PIS À/À gonads (IS1 and IS2) were extracted using the RNeasy Mini kit (Qiagen) (see Supplemental Table S1 for the number of fetuses used). The quality of total RNAs from each sample was checked using a bioanalyzer system (Agilent).
Qualitative Approach: Database Creation by Roche 454 Sequencing
In order to obtain a goat mRNA database, mRNA sequencing was performed using Roche 454 technology. Twenty-five micrograms of total RNAs from 36 dpc goat fetal gonads (50% from ovaries and 50% from testes) were used to extract poly (A)þ RNAs. Normalized library preparations were performed by the private company GATC Biotech (European Genome and Diagnostics Centre, Constance, Germany). Briefly, first-strand cDNA synthesis was primed with N6 randomized primers. Then 454 A and B adapters were ligated to the 5 0 and 3 0 ends of the cDNA, and the cDNA was finally amplified with PCR (16 cycles) using a proof-reading enzyme. Normalization was carried out by one cycle of denaturation and reassociation of the cDNA. Reassociated double-stranded cDNA was separated from the remaining single stranded cDNA (normalized cDNA) by passing the mixture over a hydroxyapatite column. After hydroxyapatite chromatography, the single stranded cDNA was amplified with 10 PCR cycles. For Titanium sequencing, cDNA in the size range of 500-700 bp was eluted from a preparative agarose gel. An aliquot of the size-fractionated cDNA was analyzed by capillary electrophoresis for quality control. Sequencing on a Roche GS FLX Titanium produced up to 1 226 609 reads that were then clustered by GATC biotech.
Thanks to the Capra hircus mRNA sequences already available in public databases, and the 454 RNA-sequencing data obtained from goat mammary gland (Dr. Patrice Martin, personal communication), we enriched our database and improved the assembly process in order to produce contigs from the partial cDNA sequences. Because of the large number of sequences requiring assembly, this was done in a two-step process using the TGICL assembler [27] . The first step created clusters of sequences sharing at least 75 bp at an identity rate of 96% (MegaBlast). The second step built coherent contigs from the previous clusters (CAP3). Finally, contig identification was performed by similarity searches on a large set of nucleotide and protein reference databases including UniProt/SwissProt, Pfam (protein domains), RefSeq Protein, RefSeq RNA, UniGene Human Clusters, UniGene taxon specific Clusters, DFCI taxon specific Gene Indices, and Ensembl taxon specific transcripts (cDNA).
Quantitative Approach: Sequencing on the Genome Analyzer II (Illumina/Solexa) Five micrograms of total RNAs isolated from 36 dpc gonads (M1, M2, F1, F2, IS1, IS2) were supplied to GATC Biotech. They then constructed six tagged cDNA libraries. Briefly, the reverse transcription of total RNAs was performed using the Smart cDNA Construction Kit, with an Oligo (dT) primer for the first strand synthesis and a Cap-primer for the second. After coligation and nebulization, the cDNA were gel fractionated (200 bp). Adapters were ligated and two tagged libraries were paired-end sequenced per line (read length 2 3 36 bases) on an Illumina Genome Analyzer II (raw data output of up to 700 Mb per sample, i.e., up to 20 000 000 reads per sample).
Differential Analyses
Statistical analyses to determine differential transcript accumulations between F1 and F2 and between IS1 and IS2 was performed using R version 3.0.0 (R Development Core Team, 2013) with the Bioconductor package DESeq2 version 1.0.0 [28] . DESeq2 utilizes a negative binomial distribution to model read counts per mRNA and implements a method to normalize these counts. This normalization procedure uses the library median of the ratios between the read count and the geometric mean of each gene as a scaling factor for each library. Fold changes were estimated using an empirical Bayes shrinkage procedure that helps to moderate the broad spread of fold changes for genes with low counts, while having negligible effects on genes with high counts [28] . The test for differential expression was only performed on genes where the variation between replicates of the same condition was less than 2 when the sum of counts in female or IS samples was higher than 20, or less than 3 when it was lower. The P values were adjusted for multiple testing using the Benjamini and Hochberg method [29] , and those with an adjusted P value 0.05 were considered to be significant.
Gene Ontology Analysis
Gene ontology analysis was performed using the DAVID Bioinformatic Database (http://david.abcc.ncifcrf.gov/) with three gene ontology term categories: biological process (BP), molecular function (MF), and cellular component (CC). The transcripts were analyzed in two different populations: down-regulated in IS (IS , female) and up-regulated in IS (IS . female).
ELZAIAT ET AL.
Fetal Gonad Analyses Using RT-qPCR
Total RNAs were extracted using the RNeasy Mini kit (Qiagen). SuperScript II (Invitrogen) was used to synthesize cDNA for RT-qPCR from 2 lg of RNAs. RT-qPCR was performed on all the genes in triplicate using the Absolute Blue SYBR Green ROX mix (Thermo Scientist) in the StepOnePlus Real-Time PCR System (Applied Biosystems). The primers used for each gene of interest are listed in Supplemental Table S2 . After implementation of the GeNorm program, the three genes used as references for this study were ACTB, YHWAZ, and H2AFZ (Supplemental Table S2 ). The results were analyzed using Qbase Software. Data points were plotted using Excel, and statistical analyses were performed using an ANOVA approach followed by a Fisher least significant difference (LSD) test (P 0.05) with InVivoStat software [30] . Significant differences were represented by different letters.
Immunofluorescence Analyses of Goat Gonads
Freshly dissected gonads were fixed in 4% paraformaldehyde in phosphate saline buffer (PBS) at 48C for 1 or 2 h, depending on the stage of development. After washing in PBS with increasing concentrations of sucrose (0%, 12%, 15%, and 18%), the tissue specimens were embedded in Jung Tissue Freezing Medium (Leica Instruments) and frozen at À808C. Cryosections (7 lm) were obtained and stored at À808C. The sections were air-dried, rehydrated in PBS, and permeabilized with 0.5% Triton, 1% bovine serum albumin in PBS for 30 min. The primary antibodies were then applied to the tissue sections overnight at 48C. The antibody references and concentrations are listed herewith (Supplemental Table S3 ) [14, [31] [32] [33] . After several washes, the sections were incubated with secondary antibodies for 45 min at room temperature. The slides were then rinsed in PBS and mounted in Vectashield mounting medium with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector); acquisition was performed using a DP50 CCD camera (Olympus).
RESULTS
RNA-Sequencing Strategies
Two different RNA-sequencing strategies were required to identify genes that were differentially expressed between 36 dpc early differentiating ovaries and 36 dpc IS XX PIS À/À gonads devoid of FOXL2. First, we constructed a goat reference databank using a qualitative protocol. This databank consisted in a compilation of the few goat cDNA sequences present in public databases and the de novo 454 sequencing data we generated at INRA (see Materials and Methods for details). A total of 85 265 contigs of interest were obtained and computationally identified, and 55 741 potentially different transcripts were annotated. Of these, 46 749 were represented by a single contig in the databank. The 8722 remaining were covered by several contigs, up to more than hundreds in some cases.
Second, polyA RNA libraries from 36 dpc male, female, or IS XX PIS À/À gonads were constructed by Illumina sequencing. After removing low-quality and adapter sequences, about 10 7 3 2 paired-end 36 bp clean reads were obtained for each sample. The reads were aligned on contigs in the reference bank, with 65% to 72% of the aligned reads being uniquely mapped to a single contig. The DEseq package was then used for normalization and differential analysis between female and IS gonads. Two rounds of DEseq analysis were required because of the high redundancy and annotation problems affecting contigs in the reference bank. In the first round, a high adjusted P value was chosen (P 0.1) and all differential contigs, in addition to those with which they might be associated (i.e., presenting a similar annotation), were annotated manually by checking their identification (ID) assignment by comparison with the bovine genome (Ensembl; BLAT). Manual annotation was performed on a total of 1316 contigs corresponding in the end to 392 different transcripts (listed in Supplemental Table S4 ). After this reannotation, the male, female, and IS reads were mapped de novo on contigs in the reference bank partially checked, and a second round of DEseq normalization and analysis was performed. In the end, 163 transcripts were found to be deregulated between IS gonads lacking FOXL2 and normal ovaries (P 0.05): 25 were downregulated (IS , female) and 138 were up-regulated (IS . female) (Fig. 1A and Supplemental Table S5 ).
Gene Ontology Analysis
Transcripts that were differentially expressed between IS and female gonads were subjected to functional clustering according to their GO classification, thus dividing them into two different populations: down-regulated (IS , female) and up-regulated (IS . female). The transcripts were classified in the ontological categories: Biological process, Cellular component, and Molecular function ( Table 1) . It is important to note that an individual transcript could be represented in several categories.
The top BP categories among the down-regulated genes (i.e., potentially induced by FOXL2 in normal XX gonads) included a negative regulation of signal transduction and cell communication as well as protein dephosphorylation. Accordingly, the CC principally concerned was the extracellular space (25%). Thus, in normal XX differentiating ovaries, FOXL2 appeared to act as a sensor of extracellular signal integration, limiting interferences that might affect pregranulosa cell differentiation.
In the up-regulated transcript group (i.e., potentially repressed by FOXL2 in normal XX gonads), the BP categories highlighted a regulation of growth, the importance of metabolic processes, and organization of the cytoskeleton. Accordingly, a high proportion of mitochondrion and other organelles were found in the CC category. These data thus showed that the XX PIS À/À gonad was already preparing for its new male fate. Indeed, male gonad formation requires a high level of energy [34, 35] , and the differentiating testis is subject to cell proliferation and various migratory processes [36, 37] . In bovidae species, although the early ovary is subjected to cell migration and proliferation before meiotic entry [38] , these phenomena remain much more important in the male gonad. These results therefore showed that FOXL2 is necessary to curb early testis events in normal XX differentiating gonads. Accordingly, the female sex differentiation process was also listed as one of the top BP categories among the downregulated genes induced by FOXL2 in normal XX ovaries.
The Characterization of Deregulated Transcripts in IS Gonads Suggests a Strong Inhibitory Potential for the FOXL2 Factor
The expression of the 163 deregulated transcripts observed in IS was then compared between female and male gonads in order to determine whether they were preferentially expressed in one sex or not (fold change threshold: 1.5) (Supplemental Table S6 ). Among the 25 down-regulated transcripts, 19 were found to be preferentially expressed in the female developing gonad, whereas six were equally expressed between female and male, and not or only poorly expressed in IS (Fig. 1B) . This last group could represent genes requiring activation during the gonad-differentiating process, whatever the sex; in other words, genes that must be expressed in order to leave the undifferentiated stage. Annotation of the female downregulated genes revealed some previously known FOXL2 target genes such as CYP19A1, FST, and RSPO2 [39] [40] [41] [42] ( Table 2) . RT-qPCR experiments produced the same results, thus validating these data (Fig. 2, A and B) .
FETAL XX GONADS LACKING FOXL2 UP-REGULATE DMRT1
The 138 up-regulated transcripts consisted of 103 transcripts preferentially expressed in male gonads and 35 transcripts poorly expressed in differentiating ovaries or testes (Fig. 1C) . This latter category could contain certain genes found in the genital ridge (undifferentiated gonad genes) that should be repressed as gonad differentiation progresses in both sexes. The remaining expression of these genes might testify to a delay in the differentiation of IS
FIG. 1. Overview of deregulated transcripts in 36 dpc XX PIS
À/À gonads lacking FOXL2 (P , 0.05). A) A total of 163 transcripts were found to be deregulated between IS gonads and normal ovaries; 25 were down-regulated (IS , female; green pie) and 138 were up-regulated (IS . female; red pie). B) Among the 25 down-regulated genes, 19 were preferentially found to be expressed in the female gonad and were considered as female-associated genes (fold induction female/male !1.5), whereas six were found to be equally expressed between female and male gonads and were considered as genes associated with gonadal differentiation (female ¼ male . IS). C) Among the 138 up-regulated genes, 103 were preferentially expressed in the male gonad (fold induction male/female !1.5) and were considered as male-associated genes, while 35 were found to be equally expressed in female and male gonads and were considered as genes associated with undifferentiated gonads (female ¼ male , IS). F, female; M, male. ELZAIAT ET AL.
gonads that are at the start of their sex-reversal fate at this early developmental stage. It should be noted that in the absence of FOXL2 expression in XX gonads, only 11.6% of deregulated genes were femaleassociated genes while 63.2% were male-associated genes, thus demonstrating that FOXL2 should be considered more as a testis-inhibiting factor than as a female-promoting one. At the early fetal stage of 36 dpc, SOX9 gene expression was not found to be up-regulated in either IS gonads RNA-sequencing data or RT-qPCR experiments ( Fig. 2A and Supplemental  Table S6 ), as previously described using classic RT-PCR [19] . Although one of the principal drivers of the male pathway was not expressed (i.e., SOX9), the up-regulation of different classes of genes preferentially found in the differentiating testis was already observed (Table 3 and Fig. 2C ). In particular, genes encoding steroidogenic enzymes such as CYP11A or 17bHSD3 were found to be up-regulated, indicating a male reorientation of steroid production prior to the complete differentiation of Leydig cells. In addition, CYP26B1, which encodes the enzyme responsible for preventing germ cell meiotic entry in mice fetal testes [43, 44] , was also found to be overexpressed, thus indicating that the fate of XX germ cells has begun to change in IS gonads, even 2 wk before the first morphological sign of meiotic entry in XX ovaries [19] . Lastly, the most remarkable finding concerned up-regulation of the DMRT1 gene, which is considered to be a testis-determining factor in many nonmammalian vertebrates [45] [46] [47] , and its expression in IS gonads may indicate the first sign of Sertolilike cell specification.
Gonadal Somatic Cells Harbor Testicular Markers, While XX Germ Cells Retain Typical Ovarian Organization at 36 dpc in the IS Gonad
In line with the findings of transcriptomic studies, neither FOXL2 nor SOX9 proteins could be detected at 36 dpc, in XX PIS À/À gonads (IS), whereas these proteins signed early differentiation of the ovary or testis, respectively (Fig. 3A) . By contrast, DMRT1 protein was clearly detected in both the IS gonad and XY testis (Fig. 3B) . At this stage, in the XY testis, DMRT1 expression was found in Sertoli cells, as shown by DMRT1/AMH double labeling that underlined the embryonic cords (future seminiferous cords), while steroidogenic cells lying between the cords (CYP17A1-positive cells, i.e., future Leydig cells) were negative for DMRT1 (Fig. 3 , B and C). In XX PIS À/À gonads (IS), DMRT1 expression was observed in numerous somatic cells that did not present any peculiar organization within the 36 dpc gonad (Fig. 3, B and C). At this stage, DMRT1-expressing cells were not Sertoli cells because AMH was not detected (Fig. 3B) . Intriguingly, many cells presented DMRT1/CYP17A1 double labeling, suggesting that the DMRT1 gene had been up-regulated in some steroidogenic cells (Fig. 3C) . Thus, as early as 36 dpc, many XX somatic cells lacking FOXL2 were already overexpressing DMRT1, an event that seems to be the main step upstream of SOX9 up-regulation turning a female gonad into a male one.
As well as the somatic localization of DMRT1, its expression in germ cells was investigated. DMRT1/OCT4 double labeling revealed a faint colocalized signal in the testis and IS gonad, signifying that DMRT1 may be expressed in germ cells at 36 dpc (Fig. 3D) . Nevertheless, a strong background was observed, and we cannot formally conclude regarding DMRT1 germ cell expression at this stage.
Interestingly, many more OCT4-positive germ cells were observed in XX gonads than in XY testis at 36 dpc (Fig. 3, D and E). In addition, a typical female organization was observed, because XX germ cells were principally located at the periphery of the gonad, enabling early formation of the ovarian cortex. Interestingly, despite the absence of FOXL2 expression and the beginning of somatic cell masculinization (i.e., DMRT1 expression), the number and distribution of XX germ cells appeared to be unaffected in XX PIS À/À gonads (Fig. 3, D and  E) . XX germ cells may therefore display an intrinsic program, or 
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another part of the female pathway may be unchanged, leading to preservation of this female-specific trait at this stage.
Ovarian Gene Expression Studies in the IS Gonad Confirm the Existence of at Least Two Pathways During the First Steps of Female Gonadal Differentiation
FOXL2, WNT4, RSPO1, CYP19A1, and RSPO2 were found to be preferentially expressed in the normal XX gonad at 36 dpc (Fig. 4A) . Following differentiation of the early goat ovary, their expression then continued (WNT4, RSPO1) or increased (FOXL2, CYP19A1, RSPO2) at 40 dpc. As described previously [39, 40] , female genes up-regulated by FOXL2, such as CYP19A1 and RSPO2, were found at very low levels in IS gonads from 36 dpc and maintained this male expression profile during the next stage of differentiation (Fig. 4A) . By contrast, the RSPO1/WNT4 pathway behaved differently following FOXL2 loss of function in XX gonads. Indeed, a 50% reduction in their expression was observed at 36 dpc,
FIG. 2. Validation of deregulated genes of interest in 36 dpc XX PIS
À/À gonads using RT-qPCR. RT-qPCR was performed to confirm the RNA sequencing results for certain genes of interest, corresponding to known genes implicated in gonad differentiation such as (A) sex-differentiating genes, (B) ovaryenriched genes, and (C) testis-enriched genes. Black bars represent RNA-sequencing results; normalized counts were transformed so that they could be expressed as a fraction of the maximum mean value observed (the latter being set at 1). Similar results were obtained using RT-qPCR (gray bars). RT was performed on 2 lg of the same RNA as that used for RNA sequencing. Values were normalized against three reference genes (ACTB, YWHAZ, and H2AFZ) and expressed as a fraction of the maximum mean value observed (the latter being set at 1). Means 6 SD were plotted. Statistical analyses were performed using a one-way ANOVA approach followed by Fisher LSD test on RT-qPCR data. Means with different letters were significantly different (P 0.05). F, female; M, male.
suggesting that only some of the RSPO1/WNT4-expressing cells were sensitive to FOXL2 expression, while the other part was controlled by another XX program, which seemed to be maintained at least until 40 dpc (Fig. 4A ). These differences in ovarian-associated gene sensitivity to FOXL2 loss of function could be due to the fact that different somatic cell types already coexist at these early differentiating stages in the female gonad, as has recently been demonstrated in fetal mouse ovaries [48] . Moreover, because the RSPO1/WNT4/b-catenin pathway seems to be involved in the destiny of XX germ cells [40, 49] , traces of this pathway may explain the number and cortical location of the germ cells in XX PIS À/À gonads that remain as a female type.
The Commitment of XX Germ Cells to Meiosis Is Conditioned by FOXL2 Somatic Expression
The expression pattern of certain markers for the fate of germ cells was studied by RT-qPCR experiments between 36 and 40 dpc (Fig. 4B) . Interestingly, at 36 dpc, OCT4 expression was similar in XX gonads (ovaries or IS gonads) and higher than in XY testes, suggesting that XX germ cells displayed a comparable molecular state at this stage. Nevertheless, at 40 dpc, while OCT4 expression increased in ovaries, it decreased in XX PIS À/À gonads, which harbored the same level as XY testes. Despite these differences, a similar number of OCT4-positive cells was observed in female, male, and IS gonads at 40 dpc (data not shown). Taken together, these results suggest that the expression level of OCT4 was increased in ovarian XX germ cells at 40 dpc, which may be indicative of maturation changes in the germinal lineage. In line with this hypothesis, DAZL and STRA8 gene expression increased specifically at 40 dpc in the developing ovary, showing that some germ cells were already committed to entering meiosis at this stage (Fig. 4B) . By contrast, in XX PIS À/À gonads lacking FOXL2, XX germ cells were unlikely to enter meiosis. Indeed, as early as 36 dpc, the expression of CYP26B1 was found to be increased in XX PIS À/À gonads, a phenomenon that still persisted a few days later (Fig. 4B) . Accordingly, STRA8 expression was not up-regulated at 40 dpc, displaying a level similar to that seen in the testis. Similarly DAZL expression did not increase, showing that in the absence of the somatic expression of FOXL2, XX germ cells are not committed to meiosis in goats. Thus, although the fate of XX germ cells did not seem to be affected by FOXL2 loss at 36 dpc, the somatic environment had already changed, thus preventing their maturation, STRA8 expression, and a female destiny a few days later.
Female-to-Male Steroidogenesis Reversal in the Absence of FOXL2
In the goat species, steroidogenesis is active in the fetal ovary [39] , even though the level of steroid production is much higher in the testis (Fig. 5A) . Consequently, genes encoding steroidogenic enzymes were detected in the female gonad, although at very low levels when compared with the male gonad (Fig. 5A) . Generally speaking, all the genes tested were found to be up-regulated in the absence of FOXL2 at 40 dpc in XX PIS À/À gonads; even 3bHSD, which did not differ between female, male, or IS gonads at 36 dpc. Expression of the 17bHSD3 gene encoding for the enzyme directly responsible for testosterone production had started to increase, but its level remained 20 times lower than that seen in 40 dpc XY testes. In the mouse testis, this enzyme was shown to be synthesized by Sertoli cells during fetal life. [50] . If a similar situation exists in goats, this might explain the small increase observed in 17bHSD3 expression because the differentiation of supporting cells is delayed in the XX PIS À/À gonad. In conclusion, following FOXL2 loss of function in XX gonads, the expression of all enzymes involved in steroidogenesis was shown to be rapidly up-regulated, while CYP19A1 gene expression (encoding the aromatase enzyme) was downregulated. Alongside a global increase in steroid synthesis in XX PIS À/À gonads, these events therefore lead to the reorientation of steroidogenesis from estrogen to androgen production.
DMRT1 Expressing Cells Differentiate into Sertoli-Like Cells in XX Gonads Lacking FOXL2
RNA-sequencing results pinpointed the up-regulation of DMRT1 at 36 dpc in XX PIS À/À gonads, whereas the level of SOX9 gene expression was similar between developing ovaries and XX gonads lacking FOXL2. RT-qPCR studies indicated a delay between DMRT1 expression and SOX9 up-regulation in XX PIS À/À gonads, which appeared clearly at 40 dpc, thus confirming our previous findings (Fig. 5B) [19] . In addition, following the increase in SOX9 expression at 40 dpc, AMH gene expression was slightly up-regulated, indicating the differentiation of Sertoli-like cells in the XX PIS À/À gonad (Fig. 5B) .
Immunohistochemical studies then helped us to determine the masculinization process in XX PIS À/À gonads (Fig. 6) . At 40 dpc, numerous somatic cells, expressing DMRT1, were observed throughout the gonad. In addition, few cells presenting DMRT1/ AMH double staining were detected in the central part, revealing the differentiation of Sertoli-like cells (Fig. 6A) . Because all AMH-positive cells were also colabeled with DMRT1, Sertolilike cells appeared to differentiate from DMRT1-expressing cells during the sex-reversal process. A specific organization was not yet observed in the XX PIS À/À gonad. A few days later (45 dpc), Sertoli-like cell differentiation had progressed from the medulla to the periphery, leading to the formation of embryonic cords that would differentiate into seminiferous cord at subsequent stages [19] . At 45 dpc, XX sex-reversed gonads presented a very similar morphology to 40 dpc XY testis, clearly showing the 4-5 day delay in the masculinization process (Fig. 6A) . Figure 3C shows that some DMRT1-positive cells had previously emerged from a subpopulation of somatic cells expressing CYP17A1 enzyme (i.e., steroidogenic cells). At 40 dpc in XX PIS À/À gonads, numerous cells were found to be positive for CYP17A1, and many of these also remained labeled by DMRT1 (Fig. 6B) . At 45 dpc, while many more Sertoli-like cells and differentiating embryonic cords were observed, DMRT1/CYP17A1 double staining could still be detected but only in a few cells. Thus, DMRT1 expression was firstly and mainly observed in steroidogenic cells, meaning that pre-Sertoli-like cells could differentiate from steroid producing cells in XX PIS À/À gonads.
Steroidogenic enzyme expression then disappeared, concomitantly with SOX9 up-regulation and the differentiation of Sertolilike cells.
DISCUSSION
In early developing ovaries, FOXL2 loss of function, isolated or in the context of the PIS mutation, leads to gonadal sex reversal that occurs as early as the first step of ovarian development in the goat species (i.e., at 36 dpc) [14, 18, 19] . This sex-reversal phenotype is not observed in mice, where Foxl2 disruption induces an arrest of follicle formation between the primordial and primary stages, being detectable a few days after birth [15, 16] . In order to understand these speciesspecific differences, it was necessary to establish the role of FOXL2 during the first stages of goat ovarian development. To achieve this, we determined and compared the mRNA profiles of XX goat gonads with (PIS þ/þ or PIS þ/À ) or without (PIS À/À ) FOXL2 at the early 36 dpc stage when the expression of FOXL2 and SOX9 remains undetectable in mutant gonads [19] . These analyses revealed that the loss of function of FOXL2 in goat ovaries provoked a deregulation of at least 163 downstream genes, most of them (63%) corresponded to testicular genes that are repressed following FOXL2 expression in a wild-type context, while amongst the others, 12% corresponded to female-associated genes activated downstream of FOXL2 and 25% to genes down-or up-regulated when the gonads of both sexes left their undifferentiated stages. These latter 25% illustrate the delay in the differentiating process that occurs in XX PIS À/À gonads lacking FOXL2. In mice, the double KO (dKO) of Insr and Igfr1 has been shown to induce a delay in ovarian differentiation (together with sex reversal in XY) [51] . Genes expressed at the same level in both XX and XY gonads that have been found deregulated in dKO/wild-type gonads may be the genes required for the gonadal differentiation process (52 down-regulated probes in dKO) or, on the contrary, genes associated with the undifferentiated gonad stage (519 up-regulated probes in dKO). A comparison with our data revealed only one common pathway, involving folate receptors (Folr1 in mice, FOLR2 in goats). Folate is a nutrient required by all living cells and is essential for cell division (for a review, see [52] ). It is not surprising that expression of its receptor increases during the gonadal differentiation process in both species.
Overall, our results equate FOXL2 to being a critical ovarian factor at the time of gonadal sex determination in goats, controlling pathways involved in both XX germ cells and somatic cells. First, FOXL2 appeared to be essential for the commitment of XX germ cells to entering meiosis, especially thanks to repression of the CYP26B1 gene. In mice, it has been shown that SOX9 and SF1 are able to promote Cyp26b1 expression in testes while FOXL2 is involved in its repression in the ovary [53] . It is noteworthy that in goats, an increase of CYP26B1 in XX gonads lacking FOXL2 was found to occur without SOX9 up-regulation at 36 dpc and that its expression level was already similar to that observed in a 36 dpc or even 40 dpc XY gonad, suggesting that SOX9 is unlikely to be involved in CYP26B1 expression.
3
AMH were detected (some faint labeling was considered as antibody background). In IS gonads, AMH was not detected, thus mirroring SOX9. C) Comparison of DMRT1 (green) and CYP17 (red) staining. In normal gonads, CYP17 was detected in the cytoplasm of differentiating Leydig cells in the XY testis and in some somatic cells of the central part of the XX ovary. In XX PIS À/À gonads (IS), DMRT1 was detected in some CYP17-positive cells (arrowheads), showing that DMRT1 can be expressed from steroidogenic cells at this stage. D) Comparison of the expression of DMRT1 (green) and OCT4 (red). At 36 dpc, some merger of DMRT1 and OCT4 staining was observed in male and IS gonads. Nevertheless the faint DMRT1 staining observed in germ cells was not clearly significant. E) OCT4 staining revealed that the germ cells of IS gonads were still in an ovarian configuration at 36 dpc. Bars ¼ 200 lm or 500 lm.
FETAL XX GONADS LACKING FOXL2 UP-REGULATE DMRT1
Second, FOXL2 was shown to be implicated in the female destiny of somatic cells such as steroidogenic cells by inverting steroidogenesis and, most importantly, supporting cells controlling, directly or not, silencing of the DMRT1 gene that might be a key testis-differentiating factor in the goat species. According to the present results, two different pathways could be considered for their involvement in the gonadal sex-reversal process that occurs in goat XX ovaries devoid of FOXL2, steroids and DMRT1 pathways, both being nonexclusive.
FOXL2 as a Key Regulator of Steroid Synthesis
In the developing female gonad, we previously demonstrated that at least two subpopulations of FOXL2-expressing cells coexist in the goat ovary prior to the onset of meiosis, one of these made up of steroidogenic cells [39] . As early as 36 dpc, the aromatase enzyme (encoded by the CYP19A1 gene) is detectable and estrogen synthesis will start in the differentiating ovary [54] . In XY gonads, 36 dpc is a very early stage in terms of steroid production because circulating testosterone is only detected at 40 dpc in XY fetuses, thus enhancing masculinization of the external genital tract between 40 and 50 dpc [14, 19] . Interestingly, three steroidogenic enzymes were found to be deregulated in XX PIS À/À gonads when compared to wildtype ones. CYP11A and 17bHSD3 were found to be enhanced and CYP19A1 repressed, meaning that in a wild-type ovarian context FOXL2 may repress CYP11A and 17bHSD3 and activates CYP19A1. Numerous in vitro and in vivo studies have supplied evidence of a link between FOXL2 and steroidogenic enzymes (for a review, see [22] ), and in addition to the three enzymes highlighted here, it has been shown that STAR and CYP17A1 could be repressed targets of FOXL2 in mammalian cells [24, 55, 56] . Overall, these results indicate that in mammals, FOXL2 is a critical factor that triggers a female-type steroidogenic profile, that is, repressing the enzymes involved in androgen production but activating CYP19A1, and therefore assuring that the testosterone synthesized is converted into estrogens. Interestingly, in a nonmammalian species such the Nile tilapia fish, FOXL2 has been suspected of positively controlling the entire steroidogenic pathway in synergy with SF1/NR5A1 [57] ; accordingly, in this species, estrogen levels in XX female fishes are 10-fold higher than androgen levels in XY male [57] . In conclusion, the fact that FOXL2 remains a critical regulator of steroid synthesis, like SF1/NR5A1, seems to be unquestionable, but is the loss of this function critical in triggering the sex reversal of XX goat ovaries?
Why Sex Reversal? According to the Estrogen Hypothesis . . . Although Foxl2 loss of function does not result in a sexreversal phenotype in mice [15, 16] , the conditional ablation of Foxl2 in adult XX gonads leads to the sex reversal of two critical somatic cell lineages in the ovary (i.e., granulosa cells into Sertoli-like cells and theca cells into Leydig-like cells) [58] . In their elegant study, Uhlenhaut and collaborators [58] clearly demonstrated that this somatic sex reversal is due to the fact that in normal ovaries FOXL2 acts in synergy with ESR1 to repress Sox9 through the testis-specific enhancer COREelement (TESCO), located 14 kb upstream of the transcriptional start site of Sox9 [5, 58] . Unlike in mice, estrogen is produced from the onset of ovarian development in goats and is controlled by FOXL2. Therefore, one might expect that FOXL2 loss of function, and consequently the disappearance of estrogen from XX PIS À/À gonads, is directly responsible for SOX9 derepression and sex reversal. Nevertheless, different factors seem to indicate that this is not the correct hypothesis. , STRA8 ), or germ cell fate-testifying genes (CYP26B1) was measured using RT-qPCR in XX ovaries, XX PIS À/À gonads, and XY testes at 36 and 40 dpc. Values were expressed as a fraction of the maximum mean value observed (the latter being set at 1). Means 6 SD were plotted. Planned comparisons were made on the predicted means with sex and stage as treatment factors (two-way ANOVA approach, followed by Fisher LSD test). Means with different letters were statistically different (P 0.05).
In particular, inhibiting CYP19 activity in goat early ovaries through in vivo or in vitro treatment with fadrozole induced a drastic reduction in the number of germ cells (Pannetier and Pailhoux, unpublished data), but signs of sex reversal were never detected during these experiments. This situation contrasts with nonmammalian vertebrates where steroids appear to play a more critical role than in placental mammals [59, 60] . In addition, after Foxl2 ablation in adult mouse ovaries, Sox9 derepression was the first event observed, before Dmrt1 up-regulation in differentiating Sertoli-like cells [58] , an inverse situation when compared to that seen in goats.
FOXL2 as a Repressor of DMRT1
As we have shown here, FOXL2 loss of function in goat XX PIS À/À gonads leads primarily to the up-regulation of DMRT1 before that of SOX9, which will occur a few days later. In addition to this result, we had demonstrated some years ago that SOX9 up-regulation in XY normal male goat-developing testes could not be managed solely by SRY and SF1/NR5A1, as is the case in mice [13] . Indeed, although SRY and SF1/NR5A1 are expressed in pre-Sertoli cells, both factors are found in other somatic cells (such as future Leydig cells) and do not seem sufficient to explain Sertoli cell specification and SOX9 expression in this lineage [13] (Pannetier and Pailhoux, unpublished results). Taken together, our findings suggest that in the goat species, DMRT1 has become critical to male gonadal differentiation, i.e., the missing factor that is essential for primary SOX9 up-regulation, specifically in pre-Sertoli cells in the developing testis (Fig. 7) . DMRT1 has been shown to be the testis-determining factor in a variety of species [45] [46] [47] 61] and may thus be capable of inducing SOX9 up-regulation. In addition, in humans, its haplo-insufficiency has been shown to lead to a testicular differentiation failure and ovo-testis development in an XY patient [62] .
In the mouse, Dmrt1 has been shown to be expressed in both sexes as early as the formation of genital ridges (10.5 dpc) in both somatic cells and germ cells [63] [64] [65] ; then, by 12.5 dpc, DMRT1 expression became higher in the testicular cords of the developing testis (with higher levels in Sertoli cells than in germ cells) rather than in the ovary, where only germ cells remained marked before meiosis onset [65] . In the goat species, the earliest studies have been performed so far at 36 dpc, when sex-specific differentiation occurs. For this reason, we cannot rule out the possibility that DMRT1 may be expressed at low levels in both XY and XX gonads before the expression of FOXL2 in the female. Nevertheless we have shown here that when FOXL2 is expressed in the XX gonad, DMRT1 expression is not detected in somatic cells. In addition, XX germ cells did not appear to express DMRT1 at 36 dpc; however, studies performed at later stages showed that germ cells progressively acquired DMRT1 labeling (slightly visible around 40 dpc), which became obvious in premeiotic germ cells at 55/60 dpc when the first waves of meiosis were observed in the fetal ovary (see Supplemental Fig. S3 for  details) . Thus in goats, as in mice, DMRT1 may play a role in XX germ cells before their entry into meiosis [66] .
FIG. 5.
Male-associated gene expression during early gonadal development. The mRNA expression of (A) steroidogenic enzymes and (B) testicular genes was measured using RT-qPCR in XX ovaries, XX PIS À/À gonads, and XY testes at 36 and 40 dpc. Values were expressed as a fraction of the maximum mean value observed (the latter being set at 1). Means 6 SD were plotted. Planned comparisons were made on the predicted means with sex and stage as treatment factors (two-way ANOVA approach, followed by Fisher LSD test). Means with different letters were statistically different (P 0.05).
FETAL XX GONADS LACKING FOXL2 UP-REGULATE DMRT1
Regarding the early testicular function of DMRT1, this aspect does not seem to be conserved between goats and mice. In the mouse species, the total or Sertoli-specific ablation of Dmrt1 has not been shown to induce early testicular defects but rather a transdifferentiation of adult XY-supporting cells characterized by Sox9 down-regulation and Foxl2 expression several weeks after birth [67, 68] . Thus as was shown for Foxl2 in the adult ovary [58] , Dmrt1 is involved in sex-specific maintenance of the adult testis in mice [68] . Considering that male and female gonadal identities are controlled by a balance between male-and female-determining genes [69] , it is tempting to speculate that if a weight (e.g., Foxl2) is suppressed from the female side of the balance in a given species (e.g., the mouse), a counterbalancing gene needs to be eliminated from the male side of the balance in order to maintain a functional sex-determination process. In this context, it is worth noting that DMRT1, the best candidate gene known to antagonize the action of FOXL2 in male [70] [71] [72] , also displays species-specific features.
Finally, our results have led us to propose an alternative model for the sex determination process in goats (Fig. 7) . In this model, FOXL2 in the female may behave as an antitestis factor that is assimilated to a Z gene and inhibits a critical male gene, DMRT1 [73] . Moreover in the Z gene model proposed by Professor Marc Fellous' team in 1993 [73] , SRY was predicted to be an inhibitor of Z. Since then, few publications have illustrated the fact that SRY may act as a repressor [74] [75] [76] . Its mechanism of action may involve epigenetic modifications FIG. 6 . Immunofluorescence assay at 40 and 45 dpc comparing XX PIS À/À gonads and XY testes. A) Double immunodetection of DMRT1 (nuclear staining, green) and AMH (cytoplasmic staining, red). AMH staining as used to reflect Sertoli cell differentiation. At 40 dpc, AMH expression was detected at the center of XX PIS À/À gonads (low magnification) and always colocalized with DMRT1. At 45 dpc, AMH staining had spread over XX PIS À/À gonads, and embryonic cords were formed. Thus, at the onset of the masculinization process, Sertoli-like cells emerged from DMRT1-positive cells. B) Double immunodetection of DMRT1 (nuclear staining, green) and CYP17 (cytoplasmic staining, red). As previously described in Figure 3 , cells coexpressing DMRT1 and CYP17 (arrow heads) were still detected in XX PIS À/À gonads, mainly at 40 dpc but also at 45 dpc (high magnification). Bars ¼ 500 lm (low magnification); 100 lm (high magnification).
FIG. 7.
Sex determination process in the goat species: working model. As has been demonstrated in mice, SRY and SF1/NR5A1 factors may be involved in direct regulation of the SOX9 gene, which triggers testicular differentiation in the goat species. In XX gonads, WNT4, RSPO1, and FOXL2 are master genes involved in ovarian differentiation. In addition the FOXL2 factor appears to repress the male-differentiating pathways, acting directly or not on DMRT1 gene expression. In the goat, DMRT1 may be able to promote SOX9 activation. Moreover, some clues allow the hypothesis that in addition to promoting SOX9 activation, SRY may also be involved in repressing the FOXL2 gene.
ELZAIAT ET AL. such as histone deacetylation (via the KAP1 repression machinery). Could the transcriptional activity of FOXL2 (or more generally of the PIS locus) be controlled by SRY?
Recently, using zinc finger nuclease technology in the goat, we succeeded in inducing FOXL2 mutations on both alleles, leading to an absence of FOXL2 protein production and female-to-male sex reversal with XX testis formation [14] . Interestingly, despite the fact that these XX sex-reversed gonads were fully differentiated testes, where all classical testicular markers (except SRY) were expressed and ovarian associated genes repressed, the FOXL2 promoter and its associated lncRNAs were not silenced even at 56 dpc, that is, 20 days after the first steps of the sex-reversal process [14] . These results clearly show that a factor is missing from the XX testis to switch off the transcription of PIS locus genes (i.e., FOXL2 and three lncRNAs). This factor, which is expressed in normal XY testes, appears to be supplied by the Y chromosome, and because SRY in the goat species is expressed from gonadal differentiation until adulthood, the best candidate for the suppressor of FOXL2/PIS locus genes is SRY. In conclusion, we propose that in goats, SRY may exert two different effects in triggering SOX9 up-regulation 1) inhibiting FOXL2 and thus permitting DMRT1 expression and 2) activating SOX9 in synergy with SF1/NR5A1 and DMRT1, a transcriptional complex that is expressed specifically in preSertoli cells (Fig. 7) .
